We examined hypotheses of spatial association arising from direct or indirect competitive 17 interactions, using thirteen years of gridded mammal census data from Kruger National Park, 18 South Africa. As interactions occur at different scales, we explored the data at 1, 5, 10, and 15 19 km 2 . We proposed four hypotheses structuring the mammal community: H1. direct competition 20 between carnivores and herbivores; H2-4: indirect competition produced by each of three types 21 of herbivore diet specialization: H2. ruminants and non-ruminants, H3. grazers and browsers, 22 and H4. a four-way division of small and large grazers and browsers. We used the software 23
7 species occur independently of each other). Hence, finding data that are inconsistent with this 126 model allows a strong inference about whether competition shapes community assembly. 127
128

Methods 129
Study site 130
The Kruger National Park is located in the lowveld of South Africa, with a core area of nearly 131 20,000km 2 , at the time of data collection. It has a north-south rainfall gradient of around 440mm-132 750mm and is dominated by four major landscapes, essentially dividing the park into quadrants 133 due to a basalt/granite geological split the length of the park (Gertenbach 1980 , 1983 , Redfern et 134 al. 2006 (Figure 1 ). 135
136
Data 137
We analyzed the annual fixed-wing census from Kruger National Park collected during 1993. The Ecological Aerial Survey (EAS) was conducted annually, during the dry season 139 between May and August, using a total area count on 800m-wide strip transects (Viljoen 1996a (Viljoen , 140 1996b . Point counts of herds or groups of animals (listed in Table 1 ) were conducted by four 141 observers in the plane, and recorded to spatial location by GPS, using four corners and a center 142 point on a quadrat system approximately 2km on a side (Viljoen 1996a) . The observation 143 recording patterns changed between 1984 and 1985, in which the number of positions in a 144 sample grid space recorded was increased from four corners to an additional centroid position 145 (Viljoen 1996a (Viljoen , 1996b . This affects the 1km data structure by increasing the number of grid 146 cells 4-fold between the two years. Although the method suffers population level bias from8 undercounts (Redfern and Getz 2002) , it is a systematic bias, allowing us to make appropriate 148 hypothesis comparisons. 149 150
Data sampling method 151
We created grids of the park boundary at 1km, 5km, 10km, and 15km resolutions, and 152 aggregated the EAS data species counts to grid cells, removing partial boundary grid cells from 153 the analyses. The resulting data sets comprise 17,813, 621, 130 and 43 grid cells, or sites, 154 respectively. GIS data manipulations were conducted in ArcGIS 10.2. These data were then 155 converted to binary species presence-absence data in R. 156
157
Statistical tests of species associations 158
The EAS data we analyzed for each hypothesis comprise four subsets, sequentially reducing the 159 number of species (Table 2) . 160
The competition model from which the null model is developed is based on two premises: 161 I. Regardless of how competition acts -evolutionarily or ecologically, and extrinsically or 162 intrinsically -it will reduce the co-occurrence of ecologically similar organisms, which we 163 refer to as guilds. 164 II. Ecological similarity can be specified using a hierarchical classification system. Species can 165 be classified into "units," with species in the same unit being more ecologically similar to each 166 other than those in different units. The quality of "units" can be interpreted, for example, as 167 guilds or trophic levels, depending on the hypothesized structure of competition or interactions. 168
Defining the ij as the event that the ith and jth species to arrive at a community belong 169 to the same unit, competitive structuring predicts( ) ( ) (where c denotes complement). Thus, an appropriate null hypothesis for testing for the absence 174 of interspecific interactions is to set all relevant pairs of conditional probabilities equal. This 175 alone is sufficient to specify a distribution on the set of partitions of species into units, with 176 minimal additional assumptions: there is no autocorrelation, and ( ) 0 P ij > for all i and j. 177
Hence, to test robustly for interspecific interactions, it is sufficient to assess the agreement 178 between observed and predicted distributions of partitions. 179
The hypothesis test that we used was as follows: 180 1. At each site, in this case, a grid cell, the partition of species into units was computed. For 181 example, if three species were observed, two in the same unit (guild) and the other in a 182 different one, then the partition would be "2-1." If four species were observed, all in different 183 units (guilds), the partition would be "1-1-1-1." 184 2. We computed the total sum of squares of the block sizes across all partitions. In the above 185 example, the sum would be 2 2 2 2 2 2 2 1 1 1 1 1 9 + + + + + = . We used this sum as our test 186 statistic (V). 187 3. Conditional on the observed number of species (c) and units (u), the probability of a given 188 partition I is ( ) ( , )
I S c u ψ , where ( ) I ψ gives the number of set partitions corresponding to 189 the given species-unit partition, and S is a Stirling number of the second kind -the number of 190 possible ways to partition n elements into k non-empty subsets. Conditional on the number ofspecies observed at each site, we used this result to compute the expectation value and 192 variance of the sum of squares at each site. 193 4. With the computed expectation values and variances for each site, we used a 2-tailed test for 194 patterns of both competition and facilitation (α=0.05, Lyapunov CLT). We also used a one-195 tailed version (Ladau and Schwager 2008) , which has power to reject the null hypothesis 196 only if the deviation from it is consistent with effects of competition. This test is uniformly 197 most powerful (UMP) against a broad range of alternatives consistent with competition. We 198 also numerically confirmed that tests had adequate power (>0.80). 199
We implemented this test using software "CoOccur" written in Visual Basic 6.0, 200 developed by the authors, and available online (http://www.sadieryan.net/cooccur.html). We 201 summarized the results for each hypothesis in Table 3 , and report the significance, size and 202 power of the one-and two-tailed tests in full in Supplemental Table 1 . 203
204
Results
205
The results varied by both scale and hypothesis in question. Results for potential predation 206 effects (H1), at both 5km and 10km, suggested competition in all years (p<0.05) and 8 of 13 207 years at15km resolution (p<0.05). At 1km resolution, 2 years suggested competition (p<0.05); 208 six years suggested facilitation (p=1.00) and the other years were not indicative of a mechanism. 209 At 1km, the one-sided test only had sufficient size and power (minimum and maximum) for the 210 first 4 years; the two-tailed test had sufficient size for these four years and for two additional 211 years, but had insufficient power after the first four years. We thus cannot make robust 212 conclusions after the first four years at the 1km scale.the change in recording methods for observations, we found that the minimum criterion of ([n 215 genera + 2]* species) at a site was not always met, drastically reducing the power of the test for 216 H1. This meant that tests at 1km, after 1984, had no power, and therefore did not produce 217 reliable answers, including the 6 years' results suggesting facilitation. For the remaining 44 tests 218 for H1, all the one-tailed tests had sufficient size and power, as did 43 of the two-tailed tests 219 (Table 3, Table S1 ). 220
The ruminant and non-ruminant hypothesis (H2) for structure arising from competition, 221 generated results indicating facilitation p=1.00 at all scales in all years. The size and power of all 222 tests for this mechanism was sufficient. For feeding competition between grazers and browsers 223 (H3), all years and scales indicated competition (p<0.05), except 1991 at 1km where p=0.05. All 224 tests for this mechanism, both one and two-tailed, had sufficient size and power (see Table 3 , 225 Table S1 ). 226 H4 considered the contributions of grazing and browsing and also body size to 227 competition; the test indicated competition in 9 of the years at a 1km resolution. At a 5km 228 resolution, the test suggested competition in 8 of the years, and facilitation in 2 of the years. At 229 both 10km and 15km resolution, competition was suggested by the test in all 13 years. The size 230 and minimum and maximum power criteria were satisfied for both the one and two-tailed tests in 231 all cases (Table 3, Table S1 ). 232
In all cases (4 mechanisms, 13 years, 4 resolutions; total: 208 cases), the Type I error rate 233 of both the one and two-tailed tests were acceptably low. In addition, the power was sufficiently 234 high for all cases, both one and two-tailed tests, with the exception of years 1985-1993 at 1km
Discussion 238
We sought to test hypotheses describing the mechanisms that may structure the community of 239 savanna mammals on the Kruger National Park landscape, using tests for species assemblage that 240 allow strong conclusions about mechanisms. We found support for competitive structure 241 patterning for three of our four hypotheses, while the other suggested facilitation in all years. 242
Testing suites of species involved in specific guild structuring mechanisms meant we 243 could explicitly formulate hypotheses. In addition, creating a software interface (CoOccur), in 244 which the size and power of the test is explicitly evaluated, allowed us to explore potential 245 pitfalls in attaining results, but thereby gave us confidence in our conclusions. For the one-tailed 246 test, rejecting the null hypothesis indicates effects of competition (negative non-independence), 247 while rejecting the null hypothesis in the two-tailed test can indicate competition or facilitation 248 (positive non-independence). 249
We found evidence of competition at the 5km and 10km scales when carnivores were 250 hypothesized to generate direct competition. We only found evidence for competitive structure 251 for roughly 60% of the years in question at the largest scale (15km). A close examination of the 252 years in question (Table 4 ) reveals no apparent temporal pattern, suggesting that this may be a 253 sufficiently large spatial scale that direct competition may not always exert a strong effect. At the 254 other extreme, at 1km resolution, for the four years with sufficient power, we found evidence for 255 both competition and a lack of interactions. Evidence of direct competition effects via carnivore 256 presence could indicate direct exclusion by predation, but more likely, behavioral avoidance of 257 carnivores by prey species. Predator vigilance and avoidance has been cited as likely shapingfacilitation of herbivores, wherein mixed grazer herds group together (de Boer and Prins 1990) . 260
In contrast to our expectation that the suite of herbivores might show evidence of 261 resource competition based on the division of ruminants and non-ruminants (H2), we found 262 evidence for facilitation at all scales, including the finer 1km scale. It is plausible that the test 263 was instead detecting habitat selection, at least at large scales, consistent with apparent 264 facilitation due to habitat selection. The ability to monopolize feeding patches at a scale relevant 265 to these herbivores, in terms of home range or daily traveling distance (Estes 1991) (1km or 266 5km), appears not to be conferred by ruminant ability. However, the more specialized herbivore 267 suites, with guilds of grazers and browsers and even small and large body size (H3 and H4) 268
showed patterns consistent with competitive structure (except one at 1km resolution). The 269 grazer/browser guild showed competition at 5km, 10km, and 15km, and inclusion of body size as 270 a factor also showed patterns consistent with competition at 10km and 15km resolutions, but was 271 less consistent at 5km and 10km. As pointed out by Farnsworth et al. (2002) , in theory, 272 organisms sharing the same niche should competitively exclude each other to the point of one 273 species going extinct. However, a model of specialization by plant parts suggests that grazers can 274 co-exist on a landscape, if they can exploit different parts of plant structure. We found that if we 275 partition the guilds along the lines of niche specialization, i.e. grazers and browsers, we start to 276 find evidence of competitive structure. It is plausible that the very broad guilds of ruminants and 277 non-ruminants show apparent facilitation due to clumping of herbivores on the landscape into 278 preferred habitats. 279 predator guilds, or missing megaherbivores. These guilds both exert pressure on other sympatric 282 guilds, but in slightly different ways, leading to interesting feedbacks on the relative abundance 283 and biomass of medium-sized ungulates. In the study, he attributed the missing guild structure in 284 part to high hunting pressures in certain areas. This is a major consideration for reserve design 285 and conservation of these savanna suites of mammals, and the effects of assemblage disruption 286 and community shifts are evident. Feeley (2003) , in a study of avian assemblages on islands 287
resulting from establishment of a large reservoir, pointed out that community structure is an 288 important consideration in reserve design. More recently, studies in savanna systems have shown 289 that the removal of large herbivores can cause unexpected trophic cascades, down to the level of 290 complex feedbacks on ant-plant interactions (Pringle et al. 2007 , Palmer et al. 2008 , Estes et al. 291 2011 . 292
Current distribution patterns of herbivores on landscapes may result from currently 293 absent or extinct competitors that once shaped the context for current species. This concept, the 294 "ghost of competition" (Connell 1980) , is complicated to address, even with the luxury of this 295 type of long term data. In this study, we assume that patterns reflect interactions within the 296 complement of species over a period of thirteen years. Codron et al. (2008) asked whether large-297 scale climatic factors or niche specialization may have shaped the assemblage of savanna species 298 over much longer timescales (the Quaternary Land Mammal Ages), and found that adaptation 299 through diet specialization (grazing and browsing) appears to continue through recent evolution, 300 and may be plastic throughout evolutionary history. 301
These census data do not represent a complete inventory of Kruger National Park. In 302 particular, the carnivore suite suffers not only from detection issues, but also omission of several 303 smaller carnivores. With more detailed carnivore behavioral data, we would be able to explore 304 
